ABSTRACT: For realization of a wearable artificial kidney based on regeneration of a small volume of dialysate, efficient urea removal from dialysate is a major challenge. Here a potentially suitable polymeric sorbent based on phenylglyoxaldehyde (PGA), able to covalently bind urea under physiological conditions, is described. Sorbent beads containing PGA groups were obtained by suspension polymerization of either styrene or vinylphenylethan-1-one (VPE), followed by modification of the aromatic groups of poly(styrene) and poly(VPE) into PGA. It was found that PGA-functionalized sorbent beads had maximum urea binding capacities of 1.4−2.2 mmol/g and removed ∼0.6 mmol urea/g in 8 h at 37°C under static conditions from ureaenriched phosphate-buffered saline, conditions representative of dialysate regeneration. This means that the daily urea production of a dialysis patient can be removed with a few hundred grams of this sorbent which, is an important step forward in the development of a wearable artificial kidney.
■ INTRODUCTION
Uremic toxins such as creatinine and urea accumulate in the body of patients suffering from end-stage kidney disease (ESKD). 1 In order to remove these waste compounds, ESKD patients undergo hemodialysis (HD) 3−6 times a week for 2− 8 h, usually performed in a dialysis center or hospital. To improve the flexibility and quality of life of dialysis patients, a wearable HD device is urgently needed that uses a small volume of dialysate (preferably <0.5 L compared to 120 L presently used for a conventional HD session) that is continuously regenerated by a purification unit so that it can be reused in a closed-loop system. 2−4 Urea removal from dialysate is crucial in realizing such a wearable HD device. Urea is the uremic toxin with the highest daily production (∼400 mmol per day 5 ), and currently, there is no adequate urea removal technology available that enables reduction of the dialysate volume to <0.5 L. 6 Ideally, a suitable urea sorbent has a high density of functional groups that are able to form covalent or noncovalent bonds with urea at 37°C, resulting in its removal from dialysate, 7 without forming toxic side-products that can be released into the patient. As noncovalent bonds between urea and physisorbents are reversible and generally weaker than covalent bonds, these sorbents have low binding capacities (BCs). Chemisorption by the formation of covalent bonds between urea and the electrophilic groups in a sorbent is therefore preferred to remove high amounts of urea from dialysate at 37°C. A few urea chemisorbents have been reported, in which urea removal was based on the reaction with an electrophilic carbonyl group, such as an aldehyde (BC = 0.2 mmol/g), 8, 9 an indanetrione (BC = 2.0 mmol/g), 10 ,11 or a phenylglyoxaldehyde (PGA, BC = 0.3−1.5 mmol/g). 12−14 PGA is a very electrophilic functional group (2a) and forms a (reversible) hydrate in contact with water, i.e., phenylglyoxaldehyde hydrate (1a, PGAH). In our previous work, we systematically studied the reactivity of urea with a variety of carbonyl compounds in phosphate-buffered saline (PBS) spiked with urea (30 mM) and found that PGAH was one of the compounds with the highest reactivity. Importantly, PGAH is synthetically easily accessible, and a urea sorbent based on PGAH would therefore be a logical choice for application in dialysate regeneration. In addition, we found that PGAH and urea can irreversibly react in a 1:1 ratio (3a) and a 2:1 ratio (3′a) (Scheme 1) and proposed a mechanism for both reactions. 15 PGAH-type urea sorbent beads based on polystyrene (PS) were claimed in a few patents. These beads were obtained via acetylation of PS, followed by halogenation of the acetyl group and Kornblum oxidation of the primary halide.
12−14 Poss et al. synthesized macroporous particles based on this procedure to allow easier diffusion of urea into the polymeric matrix, and thereby, faster and higher urea removal was achieved than with nonporous beads (BC of 1.5 vs 0.29 mmol/g, respectively). 12, 13 However, the experimental procedures to obtain these materials and their characteristics were not described in detail. In theory, a polymeric sorbent based on vinylsubstituted PGAH has a maximum urea BC of 2.8 or 5.6 mmol/g, depending on whether PGAH and urea react in a 2:1 ratio or a 1:1 ratio, which is much higher than those reported by Poss et al., which suggests a low extent of conversion of the phenyl groups into PGAH groups. In the present work, we aim to develop PGAH-type sorbents for urea removal from dialysate by studying and optimizing the modification of the aromatic groups of PS into PGAH groups. In addition, we explored a new route to obtain PGAH-functionalized sorbents that circumvents the acetylation step by polymerization of vinylphenylethanone (VPE), an acetylated styrene-like monomer, and potentially results in a higher amount of PGAH groups per gram of sorbent. The kinetics of the urea uptake by PGAH-type sorbents under physiological conditions were studied. Finally, we determined whether the PGAH groups in the sorbents react with urea in a 1:1 or a 2:1 molar ratio.
■ MATERIALS AND METHODS
Materials. 4-Nitrophenylglyoxaldehyde and 4-methylphenylglyoxaldehyde were purchased from CombiBlocks (CA, USA). 4 3 ). Chemical shifts (δ) are given in ppm, and coupling constants (J) are given in hertz (Hz). Resonances are reported as s (singlet), d (doublet), t (triplet), q (quartet), bs (broad singlet), and m (multiplet) or combinations thereof. UV absorption spectra were recorded in triplicate with a BMG LABTECH SpectroStar Nano plate reader using a UV-Star Microplate 96 well obtained from Greiner Bio-One (Alphen aan de Rijn, The Netherlands). Infrared (IR) spectra were recorded neat using a PerkinElmer ATRU Spectrum 2.
Determination of the Pseudo-First-Order Rate Constants. PGAH (1a) and two PGAH derivatives (1b and 1c) (0.3 mmol, 1.0 equiv) were individually dissolved in a 1:1 v/v mixture of PBS:dimethyl sulfoxide (DMSO) (10 mL). Urea (901 mg, 15 mmol, 50 equiv) was dissolved in the PGAH solution, which was subsequently magnetically stirred at 50°C. Samples (50 μL) from the reaction mixture were taken at different time points, diluted 10 (1a) or 15 (1b and 1c) times with 1:1 v/v DMSO:PBS (500 or 700 μL), and subsequently diluted another 10× using the same solvent mixture (thus resulting in a final 100 or 150 times dilution, respectively). The concentrations of the PGAH (derivatives) 1a−c in the 100 or 150 times diluted samples were determined by UV spectroscopy (260, 263, and 270 nm, for 1a, 1b, and 1c, respectively). A calibration curve was prepared using a dilution series in a 1:1 v/v mixture of PBS:DMSO (final concentrations varied from 0.030 to 0.360 mM) from a stock solution of the PGAH (derivatives) (30 mM) in 1:1 (v/ v) DMSO:PBS. The k PFO values for the PGAH analogues were determined from the slopes of the plots of ln[PGAH] versus time.
Calculation of Gibbs Free Energy (G). Density functional theory (DFT) calculations were performed using the Gaussian 09 software package, using the B3LYP (Becke, three-parameter, Lee− Yang−Parr) functional with 6-31g(d,p) as the basis set on all atoms. 16 Structure optimizations were carried out with water as solvent without any symmetry restraints. Frequency analyses were performed on all optimized geometries to check that they are in fact minima. Standard temperature (298.15 K) and pressure (1 atm) were used for thermochemical calculations. Input: #B3LYP/6-31G(d,p) opt=tight freq scf=tight int=ultrafine pop=regular SCRF=(Solvent=Water).
Preparation of 10% Polymethacrylic Acid Sodium Salt Solution in Water. In a glass reactor equipped with a mechanical Scheme 1. Reaction of PGAH with Urea 15 
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Article stirrer, polymethacrylic acid (10 g) was dissolved in water (84 mL) by heating to 80°C and stirring for 30 min. Next, an aqueous 50% NaOH (2.67 mL; 68 mmol NaOH) solution was added, and stirring was continued for 60 min at the same temperature. The obtained viscous solution was transferred into a Falcon tube and stored at 4°C for later use as a thickening agent of the aqueous phase in suspension polymerization.
Suspension Polymerization of Styrene. For the suspension polymerization of styrene, we essentially used a method as described by Jong et al. 17 However, ShellSolTD and a poly(methacrylic acid) sodium salt solution were used instead of hexane and poly(acrylic acid) sodium salt. The detailed procedure was as follows.
The aqueous phase was prepared by addition of NaCl (340 mg), poly(methacrylic acid) sodium salt solution (8.32 g of a 10% solution in water), and CaHPO 4 (3.06 g) to water (540 mL) in a glass reactor equipped with a Teflon blade stirrer (see Supporting Information section 3 for a picture). The aqueous phase was stirred for 30 min at RT, and the pH was 6.9. The organic phase was prepared by mixing styrene (229 mL, 2.0 mol), ShellSolTD (276 mL), and toluene (27 mL) in a beaker. Next, 55% technical grade divinylbenzene (DVB) (13 mL, 50 mmol, 2.5 mol %) and a 50% benzoylperoxide blend with dicyclohexyl phthalate (6.0 g, 12.4 mmol, 0.6 mol %) was added to the organic phase and stirred until the initiator was dissolved and a homogeneous solution was formed at RT. The organic phase was subsequently added to the aqueous phase in the glass reactor under continuous mechanical stirring at 180 rpm, by which an o/w emulsion was formed, and oxygen was removed by flushing with nitrogen gas for 20 min. Next, the emulsion was heated at 73°C in an oil bath for 16 h under mechanical stirring. The resulting suspension was allowed to cool to RT and was poured over a sieve (cutoff 200 μm, Veco B.V.) and washed with acetone and water. The white beads were collected and dried over P 2 O 5 under vacuum, resulting in 216 g of PS beads. Thermographic analysis (TGA) showed ∼14% volatiles present, indicating a yield of solid material of ∼186 g (yield 86%).
Friedel−Crafts Acetylation of Polystyrene. 12 In a glass reactor equipped with a Teflon blade stirrer, PS beads (80.9 g, 0.77 mol aromatic groups, 1.0 equiv) were swollen in 1,2-dichloroethane (DCE, 750 mL) for 30 min under mechanical stirring. Anhydrous AlCl 3 (156 g, 1.17 mol, 1.5 equiv) was added portion-wise (3−5 g) to the suspension over the course of 15 min. After all AlCl 3 was added, acetyl chloride (66 mL, 0.94 mol, 1.2 equiv) was added slowly, and the suspension was heated to 50°C in an oil bath for 5 h, after which the formation of HCl gas (caused by the reaction of an aromatic group and acetyl chloride) stopped. The suspension was allowed to cool to RT and filtered (cutoff, 200 μm). The residue was suspended in 500 mL of 6 M HCl solution at 0°C in an ice bath and stirred for 30 min to remove aluminum salts; this step was repeated twice. The suspension was filtered (cutoff 200 μm, Veco B.V.) and washed with acetone and water until the pH of the filtrate was >5. The residue was dried over P 2 O 5 under vacuum, resulting in acetylated polystyrene (PS-Ac, 71.6 g).
Halogenation and Kurnblum Oxidation of Acetylated Polystyrene. 12 In a glass reactor equipped with a Teflon blade stirrer, PS-Ac beads (60.0 g) were swollen in DMSO (600 mL, 8.45 mol) for 30 min under continuous stirring, after which an aqueous solution of 48% HBr (175 mL, 1.55 mol) was slowly added. One of the outlets of the reactor was capped with a septum containing a needle allowing escape of the formed Me 2 S. The suspension was stirred at 80°C for 8 h, after which the reaction mixture was filtered (cutoff 200 μm, Veco B.V.). The residue was washed with water until the pH of the filtrate was >5. The residue was dried over P 2 O 5 under vacuum, resulting in PS-Ac-Ox (55.2 g).
Synthesis of p-Vinylphenylethenone (VPE). In a three-neck round-bottom flask p-ethynylphenylethenone (6, 10.0 g, 69.4 mmol) was suspended in EtOH (350 mL), and Lindlar's catalyst (300 mg, 3 wt %) was added. Air was replaced by H 2 (balloon), and the suspension was stirred at RT for 2−16 h. To monitor the conversion (and thus preventing over-reduction of VPE (7) into the alkane (8)), samples were frequently taken from the reaction mixture, and after evaporation of EtOH under reduced pressure, the conversion was determined by 1 H NMR (CDCl 3 ). After the conversion was >90%, the H 2 -filled balloon was removed, and the reaction mixture was concentrated under reduced pressure. The crude product was redissolved in CH 2 Cl 2 and purified by filtration over Hyflo. The filtrate was concentrated under reduced pressure, giving crude VPE (7) as a yellow liquid in a 99% yield (10.1 g, 69.0 mmol). Melting point 29°C, melting enthalpy 90.6 J/g (Supporting Information Figure S11 ). 1 Suspension Polymerization of VPE. The same procedure as that for the preparation of PS beads was employed, with some minor modifications. In brief, the aqueous phase was prepared by addition of NaCl (11 mg), polymethacrylic acid sodium salt solution (452 mg of a 10% gel in water), and CaHPO 4 (84 mg) to water (15 mL). The organic phase was composed of VPE (2.1 g, 14.4 mmol, 2 mL), porogen (2.9 mL), 80% technical grade DVB (3−6 mol %), and a 50% benzoylperoxide blend with dicyclohexyl phthalate (174 mg, 0.36 mmol, 2.5 mol %). After mixing and polymerization (same procedure followed as for "Suspension Polymerization of Styrene"), the resulting suspension was allowed to cool to RT and poured over a filter (cutoff 200 μm, Veco B.V.). The residue was washed with acetone and water and finally dried over P 2 O 5 under vacuum, resulting in pVPE (1.1−1.9 g, yield 52−90%).
Halogenation and Kurnblum Oxidation of pVPE. The same procedure as that for the halogenation and Kurnblum oxidation of PSAc beads was employed for 12 h, downscaled to 600 mg of pVPE. After washing, 606 mg of yellow beads (pVPE-Ox) was obtained.
Scanning Electron Microscopy Analysis of Sorbent Particles. The morphology of the beads was analyzed by scanning electron microscopy (SEM, Phenom, FEI Company, The Netherlands). Dried beads were transferred onto 12 mm diameter aluminum specimen stubs (Agar Scientific Ltd., England) using double-sided adhesive tape. Prior to analysis, the beads were coated with platinum using an ion coater under vacuum. The samples were imaged using a 5 kV electron beam.
Determination of the Size of the Beads by Light Microscopy. The diameters of the beads were measured using optical microscopy, utilizing a size-calibrated Nikon eclipse TE2000-U microscope equipped with a digital camera (Nikon DS-2Mv camera and Nikon DS-U1 digital adapter, with a 4× magnification) and the NIS-elements basic research software package. Images of the beads were taken in the dry state, and for 30 arbitrary beads, 3 points on the perimeter of the beads were identified to allow calculation of circular diameter by the program. 21 The average diameters and standard deviations are reported. Quantitative
13
C Solid-State NMR Analysis of the Different Beads. For solid-state 13 C NMR measurements, beads were crushed and transferred into a 3.2 mm rotor for the magic-angle spinning (MAS) solid-state NMR analysis. The analysis of the samples was performed either on a Bruker 700 MHz wide-bore magnet with an AVANCE-III console or on a Bruker 400 MHz spectrometer. The spectra were recorded at RT (298 K) and using a MAS frequency between 10 and 14 kHz, chosen to minimize the overlap of the signal with spinning sidebands. For the 13 C direct excitation spectra, 30°p ulses were applied with field strengths of 55 kHz and 80 kHz SPINAL64. 22 
1
H decoupling was applied during acquisition. The 13 C T1 relaxation time for each sample was determined using inverse recovery and used to establish the repetition time for the different samples, set to 2*T1. Except for the pVPE-Ox-(4) sample, which showed a very short relaxation time of 1 s, for the other samples, the T1 varied from 40 to 80 s. Details for the specific experiments are given in the Supporting Information section 7. The NMR spectra were processed with 200 Hz line-broadening and analyzed with Bruker Topspin3.5.
Determination of the Surface Area of the Beads Using Nitrogen Physisorption. N 2 physisorption isotherms were measured at −196°C using a Micromeritics TriStar 3000 and TriStar II
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Article Plus apparatus. Prior to analysis, the samples were dried under vacuum for 16 h at RT. Surface areas of the beads were determined using the Brunauer−Emmett−Teller (BET) method, and the total pore volumes were derived from the amount of N 2 adsorbed at p/p 0 = 0.995. 23 A Barrett−Joyner−Halenda (BJH) analysis was employed to determine pore size/volume distributions of the samples with the use of a Harkins−Jura thickness curve. 24, 25 Due to the shrinking of the porous polymeric beads and collapsing of the pores with increasing pressure and subsequent expansion with decreasing pressure, the correction of the dead volume is incorrect as by default it assumes that the solid fraction of the sample does not change in volume with pressure. As the dead volume was determined at p/p 0 ≈ 0 and assumed constant during the measurement, the default dead volumecorrected isotherms decreased slightly with increasing pressures, which is physically meaningless. The relative deviation is largest for materials with low surface areas (<5 m 2 /g) and high materials volume fractions in the measurement tubes, such as for pVPE-Ox. A correction for this deformation, i.e., a change in dead volume with pressure was applied to these isotherms by a linear swelling function (V adjusted = a · (p/p 0 ) + V original ), in which a represents the swelling factor relative to the material's volume at p/p 0 ≈ 0, until dV/d(p/p 0 ) > 0 is achieved for all pressures. Values for a were between 1.2 and 7.2, indicating a significant deformation of these materials. The S BET surface areas of the pVPE-Ox beads were calculated from the isotherms that were corrected for these volume changes as a function of pressure.
Determination of Urea Binding. The sorbent beads (15 mg) were dispersed with urea solution (1.5 mL, 30 mM) in PBS in Eppendorf tubes. The samples were placed in an oven at 37°C on a rotating device. After 1, 2, 4, 8, 16, and 24 h, two Eppendorf tubes per time point were taken, the beads were allowed to settle, and the supernatant was removed. To determine the maximum BC (control experiment shown in Supporting Information section 8), the sorbent beads (50 mg per vial) were incubated for 24 h at 70°C with a urea solution (5 mL, 30 or 50 mM) in PBS in two glass vials, after which the beads were allowed to settle, and the urea concentrations in the supernatants were determined with an AU 5800 routine chemistry analyzer (Beckman Coulter, Brea, CA) using a coupled enzyme reaction, which resulted in a colorimetric (570 nm) product proportional to the urea concentration. 26 Thermal Analysis of Monomer and Beads. TGA was done as follows. In a platinum pan, the beads were heated at a rate of 10°C/ min. The weight loss during the ramp heating (and thereby the decomposition temperature) was determined on a TA Instruments TGA Q50.
Differential scanning calorimetry (DSC) analysis of the different samples was done as follows. In an open aluminum pan, the monomer or beads was heated from −50 to 250°C at a rate of 10°C/min, and the heat flow was monitored. Next, the sample was quickly cooled from 250 to −50°C and subsequently heated again to 250°C at a rate of 10°C/min. The T g or melting point was determined with a TA Instruments Discovery DSC. For the beads, residual solvent evaporated during the first run, and therefore, the results of the second run are reported. For the monomer (VPE), events of the first run are reported. 
Article Synthesis of 5-(1-Hydroxy-2-oxo-2-phenylethyl)-5-phenylimidazolidine-2,4-dione.
5-(1-Hydroxy-2-oxo-2-phenylethyl)-5-phenylimidazolidine-2,4-dione was synthesized as described earlier 15 and used as a reference compound for the IR analysis of the sorbent beads before and after urea saturation.
■ RESULTS AND DISCUSSION
First, we investigated whether the reactivity of a PGAH-based urea sorbent could be increased by appropriate substituents because in our previous publication about the reactivity of ninhydrin with urea we found that substituents on the aromatic ring have a substantial impact on the reaction rate due to their effect on the indanetrione−ninhydrin equilibrium in water. 27 Thus, the kinetics of the reaction of urea with para-methyl-PGAH (1b), a PGAH derivative with an electron-donating group (EDG), and with para-nitro-PGAH (1c), a PGAH derivative with an electron withdrawing group (EWG) ( Figure  1A ), were analyzed and compared to the kinetics of unsubstituted PGAH (1a) with urea. Substituents on the meta position were not investigated because in our previous study on substituent effects on the reaction of ninhydrin analogues with urea we found that the position of the EDG has a marginal effect on the overall reactivity of ninhydrin derivatives with urea. 27 Moreover, the Friedel−Crafts acetylation of the aromatic group in PS (as the first step toward the PGAH sorbent) lead to ortho/para substitution because the aliphatic polymeric backbone is considered as an activating group 28 and therefore acetylation will not take place at the meta position.
As urea and PGAH can react with each other in aqueous solution both in a 1:1 and 1:2 ratio (Scheme 1), 15 a large excess (50 equiv) of urea was used to limit the formation of the 1:2 urea−PGA adduct ( Figure 1B) . The rate of reaction of PGAH with urea is expressed by eq 1. 15 Because the urea concentration is much higher than the PGAH concentration, its concentration stays almost constant, and thus, pseudo-firstorder conditions are valid (eq 2), thereby making the reaction rate (−d[PGAH]/dt) dependent on the PGAH concentration only (eq 3). The pseudo-first-order kinetics of the reaction of PGAH (and its derivatives) with urea were analyzed by determining the concentrations of 1a−c in time using UV spectroscopy (see Supporting Information section 1 for the raw data and calculations). The solvent for this reaction was a 1:1 (v/v) PBS/DMSO mixture due to the very low solubility of 1b and 1c in PBS only. The pseudo-first-order rate constants (k PFO ) correspond with the negative slopes in the plot of the logarithm of the PGAH (derivatives) concentration divided by log(e) versus time ( Figure 1C ) and are reported in Table S4 .
The results presented in Figure 1 and Table S4 show that methyl-substituted PGAH (1b) reacted slightly slower with urea than unsubstituted PGAH (1a) (k PFO = 0.061 versus 0.085 min
); however, nitro-substituted PGAH (1c) reacted more than a factor of 10 slower than unsubstituted PGAH (1a) (k PFO = 0.006 min
−1
). In our previous work, we found that EDGs and EWGs decrease the reaction rate of urea with ninhydrin derivatives due to the changes in the rate of dehydration of these derivatives, as suggested by calculations of the Gibbs free energies (G) of the starting material and intermediates. 27 Similarly, we calculated G values of PGAH (1), PGA (2) , and the first urea−PGA intermediate (4, Supporting Information Scheme S1) at the B3LYP/6-31G-(d,p) DFT level (Supporting Information sections 2 and 12) and calculated the change in energy for dehydration of PGAH (ΔG dehydration ) and the reaction of PGA with urea (ΔG intermediate ) (Scheme S1). The influence of the substituent (Me and NO 2 ) on both reaction steps was quantified by 
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Article subtraction of the ΔG values of unsubstituted species from the ΔG of substituted species, thereby yielding a ΔΔG value for each substituent (eqs 4 and 5).
On the basis of the ΔΔG values of the substituents, we found that an EDG (i.e., compound 1b) results in a more favorable and hence presumably faster dehydration into 2b as compared to the dehydration of PGAH (1a) into PGA (2a) (ΔΔG Me,dehydration = −0.27 kcal/mol). On the other hand, the subsequent reaction of 2b with urea is less favorable compared to reaction of 2a with urea (ΔΔG Me,intermediate = 0.35 kcal/mol). In other words, the reaction of 2b with urea is enhanced to a greater extent than the dehydration of 1b, thus explaining the slightly lower k PFO value of 1b as compared to that of 1a. In contrast, the influence of the EWG (i.e., compound 1c) results in an increase of Gibbs free energy for the dehydration of 1c into 2c (ΔΔG NO2,dehydration = 0.94 kcal/mol) and in a more favorable reaction of 2c with urea (ΔΔG NO2,intermediate = −0.41 kcal/mol), as compared to unsubstituted PGAH. For PGAH bearing an EWG (1c), the less favorable dehydration affects the overall rate to a greater extent than the reaction with urea, resulting in substantially slower reaction kinetics as well. On the basis of this analysis, it is concluded that a PGAHcontaining sorbent in which the aromatic ring is directly connected to an electron-donating polycarbon backbone (such as in PS) has probably a somewhat reduced reactivity as compared to unsubstituted PGAH but that this cannot readily be compensated by other or additional (EDG or EWG) substituents. An overview of the synthesis route toward PGAH-type sorbents based on PS is shown in Scheme 2A. For the preparation of PS, we essentially used a method as described by Jong et al. 17 Macroporous PS beads were synthesized by suspension copolymerization of styrene and a low content of divinylbenzene (DVB, 2.5%) in a cylindrical reactor with a mechanical stirrer (Supporting Information section 3). A mixture of toluene and ShellSolTD (9:91 v/v) was used as a nonsolvating porogen, 29 and spherical beads ( Figure 2A ) were obtained in 97% yield. The average diameter of the beads as determined by light microscopy was 0.49 ± 0.18 mm. SEM analysis ( Figure 2B) showed that pores are clearly visible on 
Article the surface of the beads. The surface area (S BET ) and pore volume of the beads as determined by nitrogen physisorption were 36.3 m 2 /g and 0.32 mL/g, respectively. The plot of the pore volume versus the pore diameter ( Figure 2C) shows that the pores present in the material were mainly in the range of 50−100 nm, demonstrating that the obtained beads are indeed macroporous. 30 The aromatic groups of the PS beads suspended in DCE were subsequently acetylated in a Friedel−Crafts reaction using acetyl chloride as the reactant and AlCl 3 as the catalyst. The obtained acetylated PS beads (71.6 g, PS-Ac, Figure 2D ) were characterized using SEM ( Figure 2E ), light microscopy, and nitrogen physisorption ( Figure 2F ). The PS-Ac beads showed similar characteristics as PS; the S BET surface area was similar (43.4 m 2 /g) as were the size (0.61 ± 0.17 mm) and the pore size/volume distribution ( Figure 2F ), demonstrating that the Friedel−Crafts reaction did not adversely affect the macroporosity or degrade the beads, possibly because the reaction temperature (50°C) was far below the glass transition temperatures of both the PS and PS-Ac beads (T g 's were 119 and 184°C, respectively, Supporting Information section 4.1). Infrared (IR) spectroscopic analysis of PS-Ac showed the presence of a new peak at 1675 cm −1 , assigned to the CO stretching vibration of the acetyl group, 31 demonstrating that acetylation indeed had taken place (Supporting Information section 6). To quantify the degree of acetylation of the aromatic groups, the PS-Ac beads were analyzed by quantitative 13 C solid-state NMR spectroscopy (Supporting Information section 7). Comparison of the integral from the carbonyl carbons (180−200 ppm) with that from the aromatic peaks (110−160 ppm) and the aliphatic peaks (10−50 ppm) shows that approximately 60% of the styrene units have been acetylated.
The acetyl aromatic groups in PS-Ac beads were halogenated and subsequently converted into PGAH groups by a Kornblum oxidation in a one-pot procedure using a mixture of concentrated aqueous HBr and DMSO, thereby yielding PS-Ac-Ox beads. 32, 33 To establish the optimal reaction time for these oxidizing conditions to obtain the highest PGAH density, beads were taken from the reaction mixture at different time points, and their urea BC was determined (Supporting Information sections 8 and 10 and Figure 3A) . Figure 3A shows that the urea BC of the beads increased with oxidation time during the first 8 h to 1.8 mmol/g, demonstrating successful oxidation of the acetyl group into PGAH/PGA ( Figure 3A , blue line). However, at longer reaction times, the BC decreased ( Figure 3A, red line) . IR analysis of the sorbent obtained after 8 h of oxidation (Ps-AcOx-8h; which had the highest BC) showed a single carbonyl peak at 1675 cm −1 with a minor shoulder peak at 1740 cm −1 , 
Article whereas the sorbent obtained after 48 h of oxidation (Ps-AcOx-48h) showed two carbonyl peaks at 1675 and 1740 cm −1
( Figure 3B ). Floyd et al. reported that oxidation of 2-bromoacetophenone with DMSO resulted in a mixture of PGAH and phenylglyoxilic acid (PGOA, structure shown in Figure 3C ). It is therefore concluded that overoxidation occurred when the beads were exposed to the oxidizing mixture for more than ∼8 h, resulting in the formation of carboxylic acids groups ( Figure 3C ). The shoulder peak at 1740 cm −1 in the PS-Ac-Ox-8h sample ( Figure 3B ) indicates that the overoxidation of PGA/PGAH into PGOA already occurred during the first 8 h of reaction, but it is slower than the oxidation of the acetyl group into the PGA/PGAH group.
The sorbent was analyzed by quantitative 13 C solid-state NMR to quantify the amount of PGAH groups in PS-Ac-Ox (Supporting Information Figure S20 ). The CH 3 peak of the acetyl group detected in the 13 C NMR spectrum of PS-Ac (Supporting Information Figure S19 ) had disappeared, indicating that all acetyl groups had been converted. Comparison of the area under the hydrate carbon peak (80− 100 ppm) with that of the aromatic peaks (110−160 ppm) and the aliphatic peaks (10−50 ppm) shows that ∼40% of the aromatic groups (thus ∼67% of the acetyl groups) had been converted into PGAH groups. In addition, a minor peak at around 165 ppm was detected, which is assigned to the carboxylic acid carbonyl peak from PGOA (Supporting Information Figure S20 ).
PS-Ac beads were also oxidized for 8 h on a larger scale (i.e., 60 instead of 3.5 g), and the obtained beads (PS-Ac-Ox) were characterized by SEM, light microscopy, and nitrogen physisorption ( Figure 2G−I) . PS-Ac-Ox beads had a similar size (0.54 ± 0.11 mm), surface area (37.0 m 2 /g), and pore volume and pore size/volume distribution ( Figure 2I ) as PS and PS-Ac. This confirms that also the oxidation reaction had neither affected the macroporosity nor degraded the beads, likely because the reaction temperature (80°C) was below the glass transition temperatures (T g ) of both the PS-Ac and PSAc-Ox beads (T g 's of dry beads were 184 and >230°C, respectively (Supporting Information section 4.1)). The PGAH content of the sorbent according to 13 C NMR (Supporting Information Figure S21 ) was similar to the sorbent prepared at small scale, while the urea BC of PS-Ac-Ox was lower than that of the batch prepared at small scale (i.e., 1.4 versus 1.8 mmol/g at the 3.5 g scale) ( Table 1 and Supporting Information section 10). This difference can be explained by the relatively large error (∼10%) in quantification of the PGAH groups by 13 C NMR. One option to obtain a sorbent with higher BC is to increase the density of reactive PGAH units. We hypothesized that this can be accomplished by bypassing the incomplete Friedel− Crafts acetylation of PS (∼60%). Therefore, a novel route was explored in which VPE was used as the monomer, which can be polymerized, yielding a polymer with 100% acetylated aromatic groups, which requires only one postpolymerization step, i.e., the oxidation of the acetyl group (Scheme 2B). To allow proper comparison with the route based on styrene (Scheme 2A), we selected VPE with the vinyl group at the para position with respect to the acetyl group (Scheme 2B). The VPE monomer was synthesized on a 10 g scale from ethynylphenylethanone, in which the triple bond was reduced to a double bond using Lindlar's catalyst and hydrogen. The reaction time was carefully monitored to prevent overreduction of the double bond into the single bond (Supporting Information section 5).
Next, the conditions needed to obtain macroporous sorbent beads based on the monomer VPE (Scheme 2B) were determined. Crucial to obtain macroporous sorbent beads is the identification of the optimal porogen. 30, 34, 35 The suspension polymerization conditions of styrene were selected as a starting point, i.e., using toluene with ShellSolTD as the nonsolvating porogen. Importantly, the nonsolvating porogen should dissolve VPE and precipitate pVPE. When the crosslinked polymer does not swell in the porogen, this will result in phase separation and yield porosity. 29 However, ShellSolTD and VPE are not miscible, and therefore, ShellSolTD/toluene mixtures with high volumes of ShellSolTD are nonsolvents for δ values of the porogen mixtures (δ mix ) were determined according to eq 6, 38, 39 in which x i and V i are the molar fraction and the volume fraction of the solvents and monomer, respectively.
c Surface area after oxidation of pVPE.
Article VPE, and no polymeric beads were obtained by suspension polymerizations at various volumetric ratios of ShellSolTD as the porogen. The Hildebrand solubility parameter (δ) of a molecule or polymer, which is defined as the square root of the cohesive energy density, is commonly used to predict the miscibility of solvents, monomers, and polymers because compounds with a similar δ value are likely miscible. This solubility parameter can be determined experimentally or calculated based on the molecular structure, i.e., by the method reported by Fedors. 36 ShellSolTD is a mixture of alkanes, and therefore, ShellSolTD was replaced by heptane, for which δ = 15.2 J 1/2 m −3/2 , 37 and the heptane/toluene ratio was adjusted to vary the δ value between 15.2 and 18.2 J 1/2 m −3/2 (i.e., the δ value of toluene). 37, 38 The , respectively, did dissolve VPE and resulted in the formation polymeric beads ( Table 2, entries 1 and 2) . However, the S BET surface areas of the beads as determined with nitrogen physisorption were low (S BET < 0.05 m 2 /g), indicating that the δ mix value of these porogen mixtures is too low, resulting in early precipitation of pVPE without the formation of macropores.
To further tune the porogen mixture to induce precipitation in a later stage of the polymerization, the δ value of the porogen mixture (δ mix ) was stepwise increased and therefore closer to the δ value of pVPE, from 16.9 to 18.2 J 1/2 m −3/2 using mixtures of heptane and toluene (Table 2, ), and therefore, precipitation of pVPE probably occurred at an earlier stage of the polymerization reaction than PS did.
To assess the influence of porosity on the urea BC, the pVPE beads of entries 2 (S BET < 0.05 m 2 /g) and 4 (S BET = 2.0 m 2 /g) were selected for oxidation. The beads of low surface area (entry 2) were oxidized for 4−12 h under the same conditions as those applied for PS-Ac. The urea BCs of the resulting oxidized pVPE beads (pVPE-Ox-(2) were 1.8−2.2 mmol/g, of which the highest BC (2.2 mmol/g) was obtained after 12 h of oxidation (Supporting Information sections 9 and 10). The pVPE beads with the highest surface area (entry 4) were therefore oxidized for 12 h, and the urea BC of these beads (pVPE-Ox-(4)) was 1.8 mmol/g (Supporting Information section 10). The surface area of the pVPE-Ox-(4) determined by nitrogen physisorption was similar to that of the 
Article corresponding pVPE beads (1.9 vs 2.0 m 2 /g), most likely because the reaction temperature of the oxidation reaction (80°C ) is much lower than the T g of pVPE beads (147°C, Supporting Information Figure S12 ), and the beads therefore remain dimensionally stable under these oxidizing reaction conditions.
As hypothesized, the VPE-based materials showed a higher urea BC than the styrene-based materials because of the increase in the density of acetyl groups and therefore a higher PGAH content after oxidation (1.4−1.8 vs. 1.8−2.2 mmol/g). Surprisingly, the surface area of pVPE beads had no influence on the urea BC (1.8−2.2 and 1.8 mmol/g for pVPE-Ox- (2) and pVPE-Ox- (4), respectively). This shows that PGAH groups are accessible for urea also in materials without macroporosity, possibly because the sorbents swell to a minor but sufficient extent in water due to the polar and hydrophilic carbonyl groups and the carboxylic acid groups of PGOA due to overoxidation of PGA/PGAH ( Figure 3C ). In addition, upon urea binding, the beads become more hydrophilic, further enhancing accessibility for water and urea, thereby further improving urea binding kinetics.
The average size of pVPE-Ox-(4) beads determined by light microscopy was slightly larger than that of the pVPE beads (0.77 ± 0.20 and 0.61 ± 0.23 mm, respectively). Due to the swelling/deswelling of the beads during nitrogen physisorption experiments, the pore/volume distribution for these materials could not be determined.
The pVPE-Ox-(4) and corresponding pVPE beads were analyzed by SEM ( Figure 4B ,C,E,F). Unlike the beads obtained in the suspension polymerization of styrene, the obtained pVPE beads were hollow as they were deflated after drying under vacuum, which suggests core−shell phase separation during the polymerization reaction. In general, core−shell structures are thermodynamically favorable in water−oil−polymer mixtures when the surface tension between the water and the oil phase (γ WO ) is greater than the surface tension between the water and the polymer phase (γ WP ) and the polymer and oil phase (γ PO ) combined (γ WO > γ WP + γ PO ). 42, 43 Apparently, due to the polar carbonyl groups present in pVPE, γ WP decreased as compared to the γ WP between water and PS.
To determine the density of PGAH groups in pVPE-Ox-(2) and pVPE-Ox-(4), these materials were analyzed by 13 C solidstate NMR spectroscopy (Supporting Information Figures S22  and S23 ). Comparison of the hydrate peak integral (80−100 ppm) with the backbone peak integral (10−50 ppm) demonstrates a PGAH content of ∼50% for both pVPE-Ox-(2) and pVPE-Ox-(4), which confirms that higher PGAH contents are obtained using the VPE instead of the styrene route (∼50 and ∼40%, respectively).
Like PS-Ac-Ox beads, pVPE-Ox beads also clearly show the peak at around 165 ppm (assigned to the carboxylic acid group of PGOA) due to overoxidation of PGAH, resulting in the formation of PGOA ( Figure 3C ). Moreover, an additional peak at around 70 ppm was detected in the 13 C NMR spectrum of pVPE-Ox. Presumably, due to the higher density of acetyl groups in pVPE as compared to PS-Ac, an aldol condensation between neighboring PGA and remaining acetyl groups had occurred during the oxidation reaction, as was described for the oxidation of acetophenone into PGA/PGAH (Scheme 3). 44, 45 Because PS was only acetylated for 60%, this side reaction likely also occurred to a smaller extent in this material, as indicated by a very minor peak at 70 ppm in the spectrum of PS-Ac-Ox (Supporting Information Figures S20  and S21 ).
It was found that the pVPE-Ox sorbent beads, which were ∼50% functionalized with PGAH groups, had a urea BC of ∼2 mmol/g. However, a 100% functionalized sorbent contains 5.5 mmol/g PGAH groups (including a 3 mol % cross-linker) based on the molecular weight of the monomer (178 g/mol), which implies that a sorbent with ∼50% PGAH groups would have a urea BC of 2.8 mmol/g at most. There are two reasons why the actual urea BC for a sorbent functionalized with PGAH groups is lower than the theoretical urea BC based on a 1:1 reaction of urea with PGAH. First, some of the PGAH groups might be inaccessible for urea. Second, PGAH can react with urea in both a 1:1 and a 2:1 ratio (Scheme 1), and therefore, one potential binding site is lost when PGAH reacts with urea in a 2:1 ratio.
Quantification of the inaccessible and therefore unreacted PGAH groups in beads with ∼2 mmol urea/g sorbent with 13 C NMR spectroscopy is not possible because unreacted PGAH and reacted PGAH give rise to signals in the same region of the spectrum. Therefore, the sorbent beads that had reacted with urea (PS-Ac-Ox@urea and pVPE-Ox-(4)@urea) were analyzed with IR spectroscopy, along with PGAH and the 2:1 adduct of PGAH and urea (3′a) ( Figure S18 ). PGAH shows a clear ketone−carbonyl stretching vibration at 1700 cm −1 and a C−O stretching vibration at 1210 cm −1 . However, these peaks have a lower intensity in the IR spectra of PS-Ac-Ox@urea and pVPE-Ox-(4)@urea, and the main carbonyl peak is clearly shifted (from 1700 to 1740 cm −1 ). On the basis of these observations, it is concluded that the majority of the PGAH groups were indeed accessible for reaction with urea and had reacted. This agrees with the observation that the surface area does not influence the urea BC. Moreover, the IR spectra of PS-AC-Ox@urea and pVPE-Ox-(4)@urea are more similar to the IR spectrum of the isolated 2:1 addition product 3′a ( Figure S18 ). The several peaks arising from the carbonyl stretching vibration in the region of 1650−1800 cm −1 of 3′a are also present in the spectra of PS-AC-Ox@urea and pVPEOx-(4)@urea. Therefore, it is concluded that reaction of the 1:1 PGAH:urea adduct with a second PGA group takes place in the sorbent beads at least to some extent, thereby explaining the difference between the urea BC of the sorbents (∼2.0 mmol/g) and the theoretical capacity based on the actual PGAH content (2.8 mmol/g). From this difference, we then calculated that (2.8 − 2.0 =) 0.8 mmol/g PGAH was lost 
Article because it reacted with the 1:1 PGAH:urea adduct. Therefore (2 × 0.8 =) 1.6 mmol/g (57%) of PGAH reacted in a 2:1 ratio with urea, and thus, (2.8 − 1.6 =) 1.2 mmol/g (43%) of the PGAH groups present in the sorbent reacted in a 1:1 ratio with urea.
The kinetics of the urea binding of the two different types of PGAH-type sorbents was investigated by incubating them in a 30 mM urea solution in PBS at 37°C, conditions representative for the regeneration of dialysate. 7 The urea binding was determined by measuring the urea concentration in the solution at different time points (Supporting Information section 11 and Figure 5A ). The PS-Ac-Ox sorbent showed a binding of 0.5−0.6 mmol/g after 24 h. However, the sorbent pVPE-Ox-(4), which showed a higher maximum BC than PS-Ac-Ox (1.8 vs 1.4 mmol/g), bound 0.5−0.6 mmol per gram already within 8 h, which increased to 0.8−0.9 mmol/g after 24 h. In fact, when the amount of urea bound was normalized to the maximum BC of the respective sorbent ( Figure 5B ), both materials reached ∼45% of the maximum BC after 24 h, which shows that both PS-Ac-Ox and pVPE-Ox-(4) displayed similar urea removal kinetics.
These PGA-type sorbents are not specific for urea and can likely also form covalent bonds with other nucleophilic species present in dialysate such as creatinine and amino acids. However, because only ∼30% of the PGA groups has reacted in 8 h, it is expected that other nucleophilic solutes present in the dialysate in low concentration (such as creatinine and amino acids) do not limit the urea removal in a 8 h dialysis session. In addition, reaction of PGA groups with urea (both in a 1:1 and a 2:1 ratio) is irreversible; therefore, the sorbent cannot be regenerated for reuse and is thus disposable.
■ CONCLUSIONS
Urea sorbent beads containing phenylglyoxaldehyde hydrate (PGAH) groups were successfully prepared via suspension polymerization of either styrene or vinylphenylethanone (VPE) followed by acetylation and oxidation or oxidation only respectively. The VPE route turned out to be the best choice as it saves one postpolymerization modification step and, importantly, resulted in a sorbent with higher PGAH content (∼50 vs ∼40% for PS-based sorbents) and concomitantly higher BC (1.8−2.2 vs 1.4−1.8 mmol/g for PS-based sorbents), which makes them among the best urea sorbents reported in the literature. In addition, the PS-based sorbents are inexpensive and synthetically accessible and therefore potentially suitable for application as urea sorbents in a wearable artificial kidney.
The accessibility of the PGAH groups in the VPE-based sorbents is not dependent on the surface area of the material, possibly because the beads swell to a minor extent.
The kinetics of urea sorption from simulated dialysate showed that ∼30% of the BC is reached after 8 h at 37°C. The best sorbent developed (pVPE-Ox-(4)) bound ∼0.5−0.6 mmol/g in 8 h, which demonstrates that ∼700 g of this PGAH-type sorbent is needed to remove the daily urea production of 400 mmol of ESKD patients during a dialysis session of 8 h.
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